We present a high-quality genome sequence of a Neanderthal woman from Siberia. We show that her parents were related at the level of half-siblings and that mating among close relatives was common among her recent ancestors. We also sequenced the genome of a Neanderthal from the Caucasus to low coverage. An analysis of the relationships and population history of available archaic genomes and 25 present-day human genomes shows that several gene flow events occurred among Neanderthals, Denisovans and early modern humans, possibly including gene flow into Denisovans from an unknown archaic group. Thus, interbreeding, albeit of low magnitude, occurred among many hominin groups in the Late Pleistocene. In addition, the high-quality Neanderthal genome allows us to establish a definitive list of substitutions that became fixed in modern humans after their separation from the ancestors of Neanderthals and Denisovans.
In 2008, a hominin finger phalanx was discovered during excavation in the east gallery of Denisova Cave in the Altai Mountains. From this bone, a genome sequence was determined to ,30-fold coverage 1 . Analysis showed that it came from a previously unknown group of archaic humans related to Neanderthals which we named 'Denisovans' 2 . Thus, at least two distinct human groups, Neanderthals and the related Denisovans, inhabited Eurasia when anatomically modern humans emerged from Africa. In 2010, another hominin bone, this time a proximal toe phalanx (Fig. 1a) , was recovered in the east gallery of Denisova Cave 3 . Layer 11, where both the finger and the toe phalanx were found, is thought to be at least 50,000 years old. The finger was found in sublayer 11.2, which has an absolute date of 50,3006 2,200 years (OxA-V-2359-16), whereas the toe derives from the lowest sublayer 11.4, and may thus be older than the finger (Supplementary Information sections 1 and 2a). The phalanx comes from the fourth or the fifth toe of an adult individual and its morphological traits link it with both Neanderthals and modern humans 3 .
Genome sequencing
In initial experiments to determine if DNA was preserved in the toe phalanx, we extracted and sequenced random DNA fragments. This revealed that about 70% of the DNA fragments present in the specimen aligned to the human genome. Initial inspection of the fragments with similarity to the mitochondrial (mt) genome suggested that its mtDNA was closely related to Neanderthal mtDNAs. We therefore assembled the full mitochondrial sequence by aligning DNA fragments to a complete Neanderthal mitochondrial genome 4 (Supplementary Information section 2b). A phylogenetic tree (Fig. 2a) shows that the toe phalanx mtDNA shares a common ancestor with six previously published Neanderthal mtDNAs 5 to the exclusion of present-day humans and the Denisova finger phalanx. Among Neanderthal mtDNAs, the toe mtDNA is most closely related to the mtDNA from infant 1 from Mezmaiskaya Cave in the Caucasus We generated four DNA libraries using a recently published protocol that is particularly efficient in retrieving DNA from ancient samples 1, 7 . These libraries, together with one library prepared using a previous protocol 8 , were treated with uracil-DNA glycosylase to remove uracil residues, a common miscoding lesion in ancient DNA that results from the deamination of cytosine [9] [10] [11] (Supplementary Information section 5a). In total, these five DNA libraries provided 52-fold sequence coverage of the genome. We estimated present-day human DNA contamination in the libraries with four complementary approaches (Supplementary Information section 5) using mtDNA and nuclear DNA and conclude that present-day human contamination among the DNA fragments sequenced is around 1%. After genotype calling, which is designed to be insensitive to low levels of error, we expect that the inferred genome sequence is largely free from contamination.
Relationship to other hominins
We compared the toe phalanx genome to the Denisovan genome 1 , the draft Neanderthal genome of 1.3-fold coverage determined from three individuals from Vindija Cave, Croatia 12 , the genome of a Neanderthal infant estimated to be 60,000 to 70,000-years-old 13 from Mezmaiskaya Cave in the Caucasus that we sequenced to 0.5-fold genomic coverage (Supplementary Information section 1; Fig. 1b ) as well as 25 genomes of present-day humans: 11 previously sequenced to between 24-and 31-fold coverage 1 (Panel A), and 14 sequenced to between 35-and 42-fold coverage for this study (Panel B). We used pooled fosmid sequencing to resolve the sequences of the two chromosomes carried by 13 of these individuals 14 (Supplementary Information section 4).
A neighbour-joining tree (Fig. 2b ) based on transversions, that is, purine-pyrimidine differences, among 7 present-day humans and the low-coverage Mezmaiskaya and Vindija genomes corrected for errors (Supplementary Information section 6a), shows that the toe phalanx nuclear genome forms a clade with the genomes of Neanderthals. The average DNA sequence divergence between the toe phalanx genome and the Mezmaiskaya and Vindija Neanderthal genomes is approximately a third of that between the Neanderthal and Denisova genomes. We conclude that the individual from whom the toe phalanx derives is a Neanderthal. Hereafter we refer to it as the 'Altai Neanderthal'.
Branch shortening
The length of the branches leading from the common ancestor shared with chimpanzee to the high-coverage Altai Neanderthal and Denisovan genomes are 1.02% (range of point estimates: 0.99-1.05%) and 0.81% (range: 0.77-0.84%) shorter, respectively, than the branches to the presentday human genomes (Table 1 ; Supplementary Information section 6b). This is expected because the archaic genomes ceased accumulating substitutions at the death of the individual tens of thousands of years ago. We previously estimated the shortening of the Denisovan lineage to be 1.16% (range: 1.13-1.27%) 1 . The fact that using present-day human genomes of higher quality and more stringent quality filtering reduces the estimate by about a third shows that at present, estimates of lineage lengths are unstable, probably owing to differences in the error rates among the genomes used. Nevertheless, the fact that the Neanderthal lineage is about 20% shorter than the Denisovan lineage suggests that the Neanderthal toe phalanx is older than the Denisovan finger phalanx, consistent with the stratigraphy of the cave. Figure 2b reflects the average divergence between DNA sequences. The times when the ancestral populations of archaic and modern humans separated are by necessity earlier. We used two approaches to estimate these population split times (Supplementary Information section 12). We caution that for these and other age estimates we rely on dates for the divergence of human and chimpanzee DNA sequences that in turn depend on the human mutation rate, which is currently controversial. In the text we present estimates based on a mutation rate of 0.5 3 10 29 base pairs per year, estimated from comparisons of the genomes of parents and children [15] [16] [17] [18] [19] . In Table 1 we also present estimates based on a rate of 1.0 3 10 29 base pairs per year derived from the fossil record which was used in previous studies of archaic genomes 1, 2, 12 . We also caution that the split times are at the best approximate because the models of population history used are likely to be inaccurate.
Population split times
We first estimated population split times by extending the pairwise sequentially Markovian coalescent model (PSMC) to estimate the distribution of coalescence times between two single chromosomes that come from different populations 20, 21 (Supplementary Information section 12). Using Sub-Saharan African genomes that were experimentally Information section 2b) . b, Neighbour-joining tree based on autosomal transversion differences among the toe phalanx, four Neanderthals, the Denisova genome and seven present-day human individuals. Bootstrap values are shown for branches supported by less than 100% of 1,000 bootstrap replicates (Supplementary Information section 6). This table gives date ranges for two calibrations. The first assumes human-chimpanzee divergence of 6.5 million years and 1.30% for human-chimp divergence, or a mutation rate of 1 3 10 29 bp per year 1,2,12 . The second is based on direct measurement of per generation mutation rates [15] [16] [17] , corresponding to a mutation rate of 0.5 3 10 29 per bp per year or 13 million years ago for human-chimpanzee divergence, and may fit better with some aspects of the fossil record 45, 46 . Intervals give the range of values over tested human genomes for branch shortening; lowest and highest estimate for two or three methods for San-West African, Neanderthal-Denisova, Neanderthal-African and Denisova-African split; jackknife confidence interval over introgressed chunks for the Introgressing-Archaic-Archaic splits; and a union of the jackknife confidence interval in Supplementary Information section 16a and the highest posterior mode in Supplementary Information section 16b for the unknown archaic split. * The indicated values are corrected for branch shortening where relevant as described in the Supplementary Information.
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phased (Supplementary Information section 14) and segments of the archaic genomes in which the two chromosomes within an individual are closely related, we estimate the population split time between modern humans on the one hand, and Neanderthals and Denisovans on the other, to between 553,000 and 589,000 years ago, and the split time between Neanderthals and Denisovans to 381,000 years ago (Supplementary Information section 12).
In a second approach we counted how often randomly chosen alleles in an individual from one population are derived (that is, different from the apes) at positions where both the derived and ancestral alleles are seen in an individual from a second population 1, 12 . Such derived alleles will be less frequent the older the population separation time is because more derived alleles in the second population will then be because of mutations that occurred after the split. Using this approach and the demographic history inferred from the PSMC (Supplementary Information section 12), we estimate the population split of Neanderthals and Denisovans from modern humans to 550,000-765,000 years ago, and the split time of Neanderthals and Denisovans to 445,000-473,000 years ago.
Inbreeding
We noticed that the Altai Neanderthal genome contains several long runs of homozygosity, indicating that her parents were closely related ( Fig. 3a) . To estimate the extent of their relatedness, we scanned the genome for 1 Mb regions where most non-overlapping 50-kb windows were devoid of heterozygous sites and merged adjacent regions (Supplementary Information section 10). The Neanderthal genome has 20 such regions longer than 10 cM, whereas the Denisovan genome has one. We performed simulations of inbreeding scenarios that can result in regions of this number and length, and find that the inbreeding coefficient is 1/8, indicating that the parents were as closely related as half-siblings. As the Altai individuals is a female (Supplementary Information section 5) and the X chromosome also has long runs of homozygosity, we can exclude parental relationships in which none or only one of the two X chromosomes was inherited from closely-related common ancestor(s), that is, scenarios that include two successive males in the pedigree. We conclude that the parents of this Neanderthal individual were either half-siblings who had a mother in common, double first cousins, an uncle and a niece, an aunt and a nephew, a grandfather and a granddaughter, or a grandmother and a grandson (Fig. 3b) .
To investigate whether mating between closely related individuals may have been typical of the Altai Neanderthal population, we examined the distribution of runs of homozygosity between 2.5 and 10 cM in length. After removing the runs expected from recent inbreeding, the Altai Neanderthal genome still contains more runs than the Denisovan genome (P , 2.2 3 10 216 ), and both archaic genomes contain more than the Karitiana, a present-day population known to have a small effective size 22 ( Fig. 3c ; Supplementary Information 10). The sequencing of additional Neanderthal genomes to high quality will address whether breeding among close relatives was common also among Neanderthals in other geographic areas.
Heterozygosity and population size
The Neanderthal autosomal genome carries 1.7-1.8 heterozygous sites per 10,000 bp (Supplementary Information section 9 ). This is 84% of the number of heterozygous sites in the Denisovan genome, 22-30% of that in present-day non-African genomes, and 16-18% of that in present-day African genomes (Extended Data Fig. 1 ). When regions of homozygosity longer than 2.5 cM stemming from recent as well as long-term inbreeding in the Neanderthal are removed, 2.1-2.2 sites per 10,000 are heterozygous, similar to what is observed in the Denisovan genome. Thus, heterozygosity in Neanderthals as well as Denisovans appears to have been lower than in present-day humans and is among the lowest measured for any organism 23 . The demographic history of the population can be reconstructed from the distribution of the times since the most recent common ancestor of the two copies of the genome that a single person carries. We use the PSMC 20 to infer changes in the size of the Neanderthal population over time and compare this to inferences from the Denisovan and present-day human genomes (Fig. 4) (Supplementary Information  section 12 ). All genomes analysed show evidence of a reduction in population size that occurred sometime before 1.0 million years ago. Subsequently, the population ancestral to present-day humans increased in size, whereas the Altai and Denisovan ancestral populations decreased further in size. It is thus clear that the demographic histories of both archaic populations differ substantially from that of present-day humans.
Neanderthal gene flow into modern humans
We have previously shown that Neanderthals contributed parts of their genomes to present-day populations outside Africa 12 and that Denisovans contributed to the genomes of present-day populations in Oceania 2, 24 (used here to refer to Australia, Melanesia and the Philippines). Using the high-coverage Neanderthal genome in conjunction with the two other Neanderthal genomes, we now estimate that the proportion of Neanderthal-derived DNA in people outside Africa is 1.5-2.1% (Supplementary Information 14; Extended Data Table 1 ). Second, we find that the Neanderthal-derived DNA in all non-Africans is more closely related to the Mezmaiskaya Neanderthal from the Caucasus than it is to either the Neanderthal from Siberia (Extended Data 
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the Mezmaiskaya Neanderthal data, as a contamination level on the order of 2.0-5.4% would be needed to account for the excess relatedness to the Mezmaiskaya Neanderthal whereas the contamination in the Mezmaiskaya data are estimated to be 0-1.1% (Supplementary Information 5a).
Denisovan gene flow in mainland Asia
We used the two high-coverage archaic genomes and a hidden Markov model (HMM) to identify regions of specifically Neanderthal and specifically Denisovan ancestry in 13 experimentally phased present-day human genomes 1,14 (Supplementary Information sections 4 and 13). In the Sardinian and French genomes from Europe we find genomic regions of Neanderthal origin and few or no regions of Denisovan origin. In contrast, in the Han Chinese, the Dai in southern China, and the Karitiana and Mixe in the Americas, we find, in addition to regions of Neanderthal origin, regions that are consistent with being of Denisovan origin (Zscore 5 4.3 excess relative to the Europeans) (Supplementary Information section 13), in agreement with previous analysis based on low-coverage archaic genomes 25 . These regions are also more closely related to the Denisova genome than the few regions identified in Europeans (Supplementary Information section 13). We estimate that the Denisovan contribution to mainland Asian and Native American populations is ,0.2% and thus about 25 times smaller than the Denisovan contribution to populations in Papua New Guinea and Australia. The failure to detect any larger Denisovan contribution in the genome of a 40,000-year-old modern human from the Beijing area 26 suggests that any Denisovan contribution to modern humans in mainland Asia was always quantitatively small. In fact, we cannot, at the moment, exclude that the Denisovan contribution to people across mainland Asia is owing to gene flow from ancestors of present-day people in Oceania after they mixed with Denisovans. We also note that in addition to this Denisovan contribution, the genomes of the populations in Asia and America appear to contain more regions of Neanderthal origin than populations in Europe 1, 27 (Supplementary Information sections 13 and 14).
Archaic population differentiation
To estimate how closely related the archaic populations that contributed DNA to present-day humans were to the archaic individuals from which high-coverage genomes have been determined, we compared the regions of Neanderthal and Denisovan ancestry in present-day human genomes identified by an HMM to the sequenced archaic genomes (Supplementary Information section 13 ). We find that the DNA sequence divergence in the regions that are most similar between the Altai Neanderthal genome and the Neanderthals that contributed DNA to present-day Eurasians is ,1.35% of the human-chimpanzee divergence, whereas the regions with the smallest sequence divergence between the Denisovan genome and the Denisovans that contributed DNA to present-day Papuans and Australians is ,3.18%. Regions of similarly low divergence are also identified by a window-based comparison (Fig. 5) .
We estimate the population split time between the introgressing Neanderthal and the Altai Neanderthal genome to 77,000-114,000 years ago, and the split time between the introgressing Denisovan and the Denisovan genome to 276,000-403,000 years ago (Supplementary Information section 13) ( Table 1 ). This is consistent with the Denisovan population being larger, more diverse and/or more subdivided than Neanderthal populations, and with the idea that Denisovans may have populated a wide geographical area. It is also in agreement with the low diversity among Neanderthal nuclear 2 and mitochondrial 5 genomes.
Neanderthal gene flow into Denisovans
If gene flow occurred between Neanderthals and Denisovans, we would expect that regions of the genome where the divergence between Denisovan and Neanderthal haplotypes is low would carry many differences between the two haplotypes of the individual who harbours the introgressed genetic material. This is because this individual carries two haplotypes that have accumulated differences independently in the two populations. In contrast, in the absence of gene flow, regions of low divergence between a Neanderthal and a Denisovan haplotype are not expected to have particularly elevated diversity (Supplementary Information section 15). We plotted the number of differences between the Neanderthal genome and the closest inferred DNA sequences in the Denisovan genome against Denisovan heterozygosity (Fig. 6) . We find that Denisovan heterozygosity is increased in regions where the Neanderthal and one Denisovan allele are close, indicating that gene flow from Neanderthals into Denisovans occurred, and estimate that a minimum of 0.5% of the . The analysis assumes that the Neanderthal and Denisova remains are of the same age, whereas archaeological evidence and the branch shortening indicate that the Neanderthal bone is older than the Denisovan bone. However, because the exact difference in ages is not known, it is not possible to determine whether the reduction in population size experienced by both archaic groups (but not by modern humans) coincided in time. 
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Neanderthal population more related to the Altai Neanderthal than to the other two Neanderthals. In the reciprocal analysis, we find no corresponding increase in Neanderthal heterozygosity. Particularly strong signals of Neanderthal gene flow into Denisovans are found in the human leucocyte antigen (HLA) region and the CRISP gene cluster on chromosome 6 (Extended Data Fig. 2 ), where we find many segments for which one of the Denisova haplotypes and the Altai Neanderthal share a common ancestor within a few tens of thousands of years before the death of the Altai individual (Supplementary Information section 15). This suggests the possibility that introgressed Neanderthal alleles may have contributed to the Denisovan functional variation at the HLA and the CRISP cluster, which are involved in immunity and sperm function, respectively. This is interesting as it has been suggested that HLA alleles from Neanderthals and Denisovans have been of functional relevance in modern humans 28 .
Unknown archaic gene flow into Denisovans
As the ancestors of both Neanderthals and Denisovans left Africa before the emergence of modern humans, one might expect present-day Africans to share equal proportions of derived alleles with these two archaic groups. However, we find that African genomes share about 7% more derived alleles with the Neanderthal genome than with the Denisova genome (Z 5 11.6 to 13.0; Extended Data Table 2 ; Supplementary Information section 16a) and that this is particularly the case for derived alleles that are fixed in Africans, of which 13-16% more are shared with the Neanderthal than with the Denisovan genome (Fig. 7) .
We tested three non-mutually exclusive scenarios that could explain these observations. First, gene flow from the ancestor of Neanderthals after the split from Denisovans into the ancestors of all present-day humans would result in more sharing of derived alleles between presentday Africans and Neanderthals. However, because gene flow contributes alleles at low frequency, the sharing of derived alleles with Neanderthals would grow weaker with higher African derived allele frequency (Supplementary Information section 16a), whereas we observe the opposite (Fig. 7) . Second, gene flow from the ancestors of present-day humans to Neanderthals after their split from Denisovans would also result in more sharing of derived alleles. However, the amount of allele frequency change (genetic drift) that has occurred in present-day Africans since the split from Neanderthals is too small to explain the extent of sharing of derived alleles fixed in Africans (Supplementary Information section 16a) . Third, we considered a scenario where Denisovans received gene flow from a hominin whose ancestors diverged deeply from the lineage leading to Neanderthals, Denisovans and present-day humans. We find that this scenario is consistent with the data, as also suggested by others 29 , and estimate that 2.7-5.8% (jackknife 95% confidence interval) of the Denisova genome comes from this putative archaic hominin which diverged from the other hominins 0.9-1.4 million years ago (Supplementary Information section 16a). An approximate Bayesian computation 30 again supports the third scenario (Supplementary Information section 16b) and estimates that 0.5-8% of the Denisovan genome comes from an unknown hominin which split from other hominins between 1.1 and 4 million years ago.
We caution that these analyses make several simplifying assumptions. Despite these limitations, we show that the Denisova genome harbours a component that derives from a population that lived before the separation of Neanderthals, Denisovans and modern humans. This component may be present due to gene flow, or to a more complex population history such as ancient population structure maintaining a larger proportion of ancestral alleles in the ancestors of Denisovans over hundreds of thousands of years.
The putative admixture into Denisovans from an unknown archaic group raises the possibility that the apparent Denisovan contribution to the genomes of Papuans and Australians could originate from admixture with the same unknown archaic population instead of with Denisovans. However, we tested this hypothesis and found that the archaic component in the genomes of people in Papua New Guinea and Australia comes from a group related to the Denisovans and not from an unknown archaic hominin (Supplementary Information section 17).
Copy number differences
The high-quality archaic genomes allow us to identify genetic changes that may have been relevant for putative biological traits that set modern humans apart from archaic humans. To identify genomic regions that have changed in copy number during hominin evolution, we used the variation of coverage along the two archaic genomes and 25 presentday human genomes (Supplementary Information section 8) . We find three regions that have been duplicated only on the modern human lineage (Extended Data Table 3 ). One region overlaps BOLA2, which occurs as a single copy per haploid genome in the archaic genomes but has two to five copies in all but one of 675 present-day humans analysed, and which is near a microdeletion associated with developmental delay, intellectual disability and autism 31 .
Catalogue of modern human changes
We compiled a genome-wide catalogue of sites where all or nearly all of 1,094 present-day humans 32 carry the same nucleotide but differ from the Neanderthal, Denisovan and great ape genomes (Supplementary Information section 18). In the regions of the genome to which short fragments can be mapped, there are 31,389 such single nucleotide . In comparison to a control set of transcripts that carry 108 silent substitutions fixed in present-day humans, genes carrying fixed amino acid changes are more often expressed in the ventricular zone of the developing neocortex (P 5 0.06, corrected for multiple testing). Out of the five genes which are expressed in the proliferative layers (ventricular and subventricular zones combined) during mid-fetal development (CASC5, KIF18A, TKTL1, SPAG5, VCAM1), three (CASC5, KIF18A, SPAG5) are associated with the kinetochore of the mitotic spindle. This may be relevant phenotypically as the orientation of the mitotic cleavage plane in neural precursor cells during cortex development is thought to influence the fate of the daughter cells and the number of neurons generated (for example, see ref. 33 ). Another of these five genes, VCAM1, is essential for maintenance of neural stem cells in the adult subventricular zone 34 . Another way to prioritize changes in the catalogue for functional studies is to identify those that show signs of having risen to high frequency rapidly as they may have been affected by positive selection. We implemented an HMM to scan the genome for regions where the Neanderthal and Denisovan genomes fall outside of the variation of present-day humans (Supplementary Information section 19a) . We ranked these regions, which cover less than 100 Mb of the genome, according to genetic length, because regions that rose rapidly to fixation are expected to be longer as they have been less affected by recombination events. A set of 63 regions likely to have been affected by positive selection were identified (Supplementary Information Table S19a.3). They contain 2,123 substitutions and 61 indels that are fixed or of high-frequency (.90%) in modern humans (Supplementary Information section 19b ). They include, for example, the gene RB1CC1 (also called FIP200) which encodes a transcription factor which, like VCAM1, is essential for maintenance of neuronal stem cells in the adult subventricular zone 35 . In present-day humans, but not Neanderthals and Denisovans, RB1CC1 carries a substitution inferred to change an amino acid in the encoded protein as well as a substitution that affects a conserved site in a motif that occurs across the genome 36 . Functional investigations will be necessary to clarify whether these and other such changes affect any phenotypes in present-day humans.
Discussion
We present evidence for three to five cases of interbreeding among four distinct hominin populations (Fig. 8) . Clearly the real population history is likely to have been even more complex. For example, most cases of gene flow are likely to have occurred intermittently, often in both directions and across a geographic range. Thus, combinations of gene flow among different groups and substructured populations may have yielded the patterns detected rather than the discrete events considered here. Nevertheless, our analyses show that hominin groups met and had offspring on many occasions in the Late Pleistocene, but that the extent of gene flow between the groups was generally low.
We note that the observation that the Neanderthal DNA sequences in non-Africans share more derived alleles with the Neanderthal from the Caucasus than with Neanderthals from either Croatia or the Altai indicates that the archaic gene flow into non-Africans occurred at a time when Neanderthal populations had separated from each other. We also note that the introgressed Neanderthal DNA sequences suggest a population split from the Altai Neanderthal between 77,000 and 114,000 years ago (Supplementary Information section 13), well after ,230,000 years ago when Neanderthal features appear in the fossil record 37 . These and other results 38, 39 show that the allele sharing between Neanderthals and non-African populations is owing to recent admixture rather than ancient population subdivision, an alternative which we and others previously considered possible 12, 40 . The evidence suggestive of gene flow into Denisovans from an unknown hominin is interesting. The estimated age of 0.9 to 4 million years for the population split of this unknown hominin from the modern human lineage is compatible with a model where this unknown hominin contributed its mtDNA to Denisovans since the Denisovan mtDNA diverged from the mtDNA of the other hominins about 0.7-1.3 million years ago 41 . The estimated population split time is also compatible with the possibility that this unknown hominin was what is known from the fossil record as Homo erectus. This group started to spread out of Africa around 1.8 million years ago 42 , but Asian and African H. erectus populations may have become finally separated only about one million years ago 43 . However, further work is necessary to establish if and how this gene flow event occurred.
METHODS SUMMARY
Sequences were generated on the Illumina HiSeq 2500 and base-calling was carried out using Ibis 44 . For all present-day human samples there is informed consent consistent with their use for whole genome sequencing and dissemination of data. Reads were merged and adaptor trimmed as described 1 and mapped to the human reference genome using BWA (version 0.5.10). Genotyping was carried out using GATK (version 1.3). We restricted analyses to regions of the genome that are nonrepetitive (excluding tandem repeats), unique (requiring at least 50%, or all, overlapping 35-mers covering a position to map uniquely, allowing for one mismatch), and fall within the central 95% of the coverage distribution corrected for GC bias (Supplementary Information section 5b) . The Supplementary Information describes the details of data processing and other analyses.
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